INTRODUCTION 65 66
The existence of "giant" viruses, simply defined as those with particles large enough to be easily seen 67 under a light microscope (i.e. > 0.3 µm in diameter), was revealed by the discovery of Mimivirus in 68 2003 in Acanthamoeba originally thought to be infected by an obligate intracellular bacteria (1). 69
Further characterizations showed that the large Mimivirus icosahedral particle (0.7 µm in diameter) 70 enclosed a DNA genome larger than a megabase and a number of genes comparable to that of many 71 bacteria (2-5). As Mimivirus infects its host by mimicking the bacteria that constitute their normal 72 food, it was then postulated that more giant viruses could be found using Acanthamoeba as a bait to 73 explore a variety of environments. This approach was very successful and led to the isolation of many 74 relatives of Mimivirus, now constituting the rapidly expanding Mimiviridae family (6-8) that also 75 includes viruses infecting marine phagocytic and mixotrophic unicellular protists (9, 10). In parallel, 76 this search led to the discovery of 3 additional types of acanthamoeba-infecting viruses unrelated to the 77 Mimiviridae: the two Pandoraviruses (P. dulcis, and P. salinus) (11), Pithovirus sibericum (12), and 78 several members of the proposed Marseilleviridae family the founder of which is Marseillevirus (13). 79
While the Pandoraviruses and Pithoviruses exhibit amphora-shaped particles of impressive dimensions 80 (0.5 µm wide and > 1µm in length), Marseilleviridae possess more typical icosahedral particles 190 to 81 250 nm in diameter, putting them at the frontier between the previously largest known DNA viruses, 82 such as Chloroviruses (14) , and the newly defined giant viruses. The genome sizes (347-383 kb) of 83
Marseilleviridae are also comparable to that of other large microalgal viruses such as the 84
Coccolithoviruses (≈ 410 kb) (15) and Chloroviruses (≈ 350 kb) (16). 85
The genomes of 5 different members of the Marseilleviridae family have been fully sequenced, 86 and many others have been partially characterized (17). The phylogenetic analysis of these viruses that 87 have been isolated in a variety of locations suggested the existence of 3 subgroups (Fig. 1) . Lineage A 88 is centered on the prototype Marseillevirus and includes the 2 other fully sequenced Cannes8virus (18) 89 and Senegalvirus (19), lineage B is represented by Lausannevirus (20) alone, and lineage C includes 90
Tunisvirus (21) and Insectomime virus (22). 91
All viruses cited above belong to the class I in the Baltimore classification (23), the class 92 grouping all the viruses with a double-stranded DNA genome. This class includes the largest number of 93 different families and the largest number of viral taxons for which at least one genome has been fully 94 sequenced, close to a thousand (24). Despite sharing the same global scheme of genome expression, 95 replication, and propagation, these class I viruses exhibit the widest distribution of genome sizes and 96 on January 20, 2018 by guest http://jvi.asm.org/ Downloaded from stirring wheel. After filtration through a 20 µm sieve to remove microorganisms and debris, the filtrate 129 was recovered and centrifuged at 500 g for 5 min. 100 µL of the supernatant were used to infect 1mL 130 cultures of our A. castellanii laboratory strain in a P12 plate at a confluence of 20 000 cells/cm². To 131 limit the contamination of the cultures by bacteria and fungi, these Acanthamoeba cells were initially 132 adapted to increasing concentrations of Amphotericin B (Fungizone) up to 2.5 μg/mL. The cells were 133 grown in PPYG medium (2% proteose peptone, 0.1% yeast extract, 2.5 mM KH 2 PO 4 , 2.5mM 134 Na2HPO4, 0.4 mM CaCl 2 , 4 mM MgSO 4 (7H 2 O), 50 μM Fe(NH 4 ) 2 (SO 4 ) 2 , 100mM glucose pH 6.5). All 135 cultures were performed in the presence of Fungizone (2.5µg/mL), ampicillin 100 μg/mL and 136
Penicillin-Streptomycin (GIBCO) 100 μg/mL. As one of the P12 wells exhibited Acanthamoeba cell 137 lysis (following rounding and loss of adherence) in absence of visible Pandoravirus dulcis particle 138 easily detectable by light microscopy, we suspected that another virus could be responsible for the cell 139 death. The supernatant of the lysed culture was then recovered and used to infect A. castellanii in a T25 140 flask to amplify the virus. After serial passages exhibiting a steady increase in cell lysis, the medium 141 was recovered, centrifuged 5 min. at 500g to remove the cellular debris and the supernatant was 142 centrifuged 30 min. at 6000g. The pellet was resuspended in 500 µl PBS buffer complemented with one 143 antiprotease tablet (Roche Diagnostics). This provided the starting material within which viral particles 144 were initially visualized using electron microscopy. 145
146

Virus mass production and purification 147
Acanthamoeba castellanii cultures in 50 T175 flasks were infected by 3 µL of the viral solution. The 148 cultures were recovered after lysis completion and centrifuged 10 min at 500g to remove the cellular 149 debris. The supernatant was then centrifuged 1h at 6000g and the pellet resuspended in 60 mL PBS 150 buffer. Viral pellets were washed twice in PBS, layered on a discontinuous sucrose gradient 151 (10%/15%/20%/25%/30%/35%/40% w/v), and centrifuged at 5000g for 45 min. The virus particles 152 produced a white disk around the 20% sucrose layer and a pearly pellet that was recovered, washed 153 twice in PBS, and stored at 4°C or -80°C with 7.5% DMSO. 154
155
Electron microscopy 156
Cell cultures of infected A.castellanii cells were fixed with glutaraldehyde 1% for 20 minutes at room 157 temperature at various times post infection. Cells were recovered and pelleted by centrifugation (20 158 min at 5000g). The pellets were resuspended in PBS with 1% glutaraldehyde and incubated at 4°C for 159 at least 1h. Samples were washed twice in PBS then coated in agarose before being embedded in epon 160 sequence numbering is arbitrary. For the sake of easier comparisons we used the same numbering 178 origin as in Cannes8virus. To facilitate the identification of orthologous genes, pairwise whole genome 179 alignments were generated between Melbournevirus and its closest relatives Marseillevirus and 180 Cannes8virus using nucmer (28). Direct and inverted repeats were searched using Ugene (29). The 181
GenemarkS web-service (30) was used to ab initio predict protein coding genes from the 182 Melbournevirus genome sequence. These predictions were then cross-validated and annotated by 183 comparing them with the published Marseillevirus (Genbank #: NC_013756), Cannes8virus (Genbank 184 #: KF261120) and Lausannevirus (NC_015326) predicted proteins. Orthologous protein-coding genes 185 were determined using the reciprocal best BlastP (31) hit criteria. The functional annotation of 186 
Isolation of Melbournevirus 209
Melbournevirus particles were present in the same exact muddy fresh water sample from which the 210 giant Pandoravirus dulcis was isolated. As we focused on the characterization of virus-like particles 211 large enough to be detected by light microscopy, Melbournevirus was overlooked until preliminary 212 sequence data revealed the mixture of two viral genomes with markedly different characteristics: one 213 exhibited a high G+C content (63.7%) and very little similarity with known viruses (11), the other one 214 had a lower G+C content (44.7%) and a strong similarity with genes from Marseilleviridae 215
representatives. The two viruses were then pseudo-cloned by serial dilution and separately 216 
Estimation of the selection pressures on various Marseilleviridae gene types 271
Synonymous substitutions are usually regarded as neutral, or at least as having a much smaller effect 272 on fitness than non-synonymous substitutions (i.e. resulting in an amino-acid change). The relative 273 frequency of non-synonymous vs. synonymous changes, the so-called dN/dS ratio, computed from the 274 comparison of orthologous genes can thus be used to reveal the type of selection pressure acting on 275 each individual gene. A low ratio (dN/dS<<1) indicates purifying (''resisting change'') selection, 276 whereas a high ratio (dN/dS>1) indicates a pressure for diversification (''positive selection''). The 277 calculation of dN/dS has thus become an accepted tool to identify genes encoding proteins the changes 278 of which are likely to be detrimental (i.e. under strong negative selection) or conversely, proteins 279 engaged into a diversifying process such as virulence factors confronted to defense mechanisms of the 280 host (37) or en route to become pseudogenes and disappear. 281
The computation of the selection pressure would thus seem like a convenient approach to study 282 the evolution process at work behind the significant variability in gene content and number between the 283 various "species" of giant (Mimiviridae, Pandoraviridae) and large (Marseilleviridae, Chloroviruses) 284 DNA viruses for which several full genome sequences are available. In other words, could we correlate 285 the selection pressure associated to different genes with their predicted function or propensity to be 286 shared by viruses from increasingly distant families? However, such analyses are only feasible using 287 genomes with very similar sequences for two reasons: the pairwise sequence alignment of the 288 on January 20, 2018 by guest http://jvi.asm.org/ Downloaded from orthologous protein and associated coding regions has to be flawless, and the probability of multiple 289 substitutions at a given position must be as small as possible. Until now, the various known members of 290 large and giant DNA virus family were far too distant to warrant the reliable use of such an approach. 291
For the first time, the very close genomic sequences of the independently isolated
unambiguous, and the probability for a given position to have experienced multiple substitutions is 296 negligible. Those are the two main requisites of the method. On the other hand, the small number of 297 nucleotide changes that may pose a problem to achieve statistically significant results is compensated 298 by the availability of whole gene contents, and the negligible probability of sequence errors thanks to 299 the high coverage and accuracy provided by today's high throughput sequencing platforms. The fact 300
that Melbournevirus was isolated in a different laboratory than Cannes8virus and Marseillevirus, as 301 well as from a very distant location, suggests that it is not just a mere random variant from the 302 European isolates that diverged recently. We interpret the overall low level of sequence divergence 303 between Melbournevirus and the European isolates as suggesting a very slow evolutionary process, 304 putatively due to a strong purifying selection applied to a large majority of its genes. 305
The three above viruses, as well as the more distant Lausannevirus, give us the first opportunity 306 to study the microevolution within a family of large DNA viruses, the Marseilleviridae, and learn about 307 the respective contribution of the different categories of proteins they encode to the virus fitness. More 308 specifically, we will confront the three following hypotheses: 309 1) None of their genes/proteins truly contribute to the virus fitness and the observed gene content is 310 simply an instantaneous picture of a random (neutral) process of gene losses and gains, 311
2) A few essential (core, conserved) genes significantly contribute to the virus fitness, the others are 312 just (neutral) passengers or are undergoing diversification, (Table 1) . 326
The first global message delivered by the computation of dN/dS ratios is that all 327
Melbournevirus genes are evolving under a purifying selection, suggesting they all significantly 328 contribute to the fitness of the virus. Using Cannes8virus or Marseillevirus as a reference, the 329 computed values are ω= 0.16 ± 0.14 (median=0.12) and ω= 0.15 ± 0.14 (median=0.12), respectively. 330
These values are comparable to the dN/dS ratio of bacterial genes differing by 2% of nucleotides and 331 assumed to be under stabilizing selection (36). Moreover, with the exception of 5 outliers (when 332 compared to Cannes8virus) or 6 (when compared to Marseillevirus), all ORFs ω values are smaller 333 than 0.4 (Fig 4) . This strong pressure to resist changes does not only characterize the 103 or 120 genes 334 used to compute the ω, since 274 (68% of 403) and 202 (50.1% of 403) ORFs were eliminated from the 335 dN/dS calculation as they exhibited fewer than 5 synonymous substitutions when compared to their 336 orthologs in Cannes8virus or Marseillevirus, respectively. In contrast, Table 2 lists 32 ORFs that 337 exhibit markedly lower sequence similarity levels, or that have been lost or truncated in Cannes8virus 338 or Marseillevirus. These ORFs might correspond to the few proteins the functions of which have no 339 significant impact on the virus fitness. Their amino-acid sequences share 70% identical residues in 340 average (median= 68.5%, lowest=29%), when they do not vanish entirely. We noticed that many of 341 these divergent proteins have paralogs, suggesting that their faster divergence rate could be due to 342 redundancy. Nine of these ORFs encode endonucleases that may be the footprints of various mobile 343
elements. 344
We then compared, in greater detail, the selection pressure corresponding to Melbournevirus 345
ORFs distributed among several pairs of mutually exclusive categories. For instance, ORFs in which 346
functional motifs are detected may be considered more likely to correspond to an "actual" and useful 347 protein than ORFs that do not contain any recognizable motif and might simply be the result of 348 bioinformatics overpredictions. In absence of a real protein being encoded, the computed dN/dS ratio 349 should be close to 1 in average. ORFs, but that a large majority of them are real, and contribute to the virus fitness to the same extent 354 than the ORFs with a predicted function. 355
We then examined if the ω value computed for Melbournevirus genes in reference to their 356 Cannes8virus and Marseillevirus orthologs was correlated to their presence (i.e. conservation) in the 357 genome of the more distant Lausannevirus. Here, our underlying hypothesis is that genes encoding 358 accessory functions are the one preferentially lost during the course of the reductive evolution that 359 characterizes all obligatory intracellular parasites. Table 3 shows that the Melbournevirus genes not 360 conserved in Lausannevirus are indeed associated to a significantly larger dN/dS value (ω≅ 0.3) than 361 the conserved ones (ω≅ 0.12) (MWW test p<0.0001). Thus even if both categories of genes are under 362 purifying selection (with ω<< 1) and contribute to the virus fitness, the one exhibiting less resistance to 363 change will tend to be lost over time. 364
We then extended this analysis to Melbournevirus genes with (or without) orthologs beyond the 365 family Marseilleviridae, but also in more remote representatives of the large nucleocytoplasmic large 366 DNA virus (such as the Poxviridae, the Mimiviridae, or the Iridoviridae). Identity between these 367 conserved proteins (the so-called "core" proteins) (38) are sometimes difficult to assess due to their 368 large divergence in sequence. To eliminate any temptation of subjectivity, we realized the comparison 369 between the core versus non-core Melbournevirus proteins on the basis of the identification previously 370 performed for Marseillevirus (13). Out of the 31 genes identified as encoding "core proteins", 14 had to 371 be excluded from the dN/dS calculation for being too similar to their Melbournevirus orthologs (or 372 number of substitutions <5). Omega values were thus computed on the remaining 17 core genes. As 373 expected from the results already obtained for the genes conserved in Lausannevirus, the 374
Melbournevirus genes classified as encoding "core" proteins exhibit in average an even lower dN/dS 375 ratio (ω≅ 0.07) than the genes encoding proteins solely conserved within the Marseilleviridae family 376 (Table 3) The genome of Marseillevirus was initially noted to encompass a larger than usual repertoire of genes 383 of putatively cellular origins, including 58 genes (>10% of the whole predicted gene content) most 384 likely acquired by horizontal gene transfer (HGT) from bacteria or phages (13). Hosts feeding on 385 bacteria such as Acanthamoeba, already documented to serve as a DNA "melting pot" in between 386 intracellular bacteria (37), might thus also facilitate HGT between prokaryotes and eukaryotes by the 387 intermediary of large DNA viruses (13). Identifying the subset of potentially horizontally transferred 388 genes is usually less problematic when they originate from bacteria (rather than from an unidentified 389 eukaryote), as the discrepant phylogenetic and sequence similarity signal they exhibit is usually 390 stronger. We thus choose to focus on their analysis. 
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Western Europe or North Africa. We now reported the first member of this family isolated from a fresh 417 water pond in Melbourne, Australia. In accord with the previous isolates, we called this virus 418
The complete genome sequencing of Melbournevirus revealed that it was nearly identical to the 420 previously described Marseillevirus (isolated from a cooling tower in Paris, France) and Cannes8 virus 421 (isolated from a cooling tower in Cannes, a coastal city on the French Riviera). Fortunately, the 422 possibility of a cross-contamination could be rejected for two reasons: first, our laboratory never 423 Melbournevirus genes for which purifying selection (ω<<1) was documented in reference to 466
Cannes8virus and Marseillevirus, respectively 274 and 202 were found to be too similar to their 467 orthologs to allow for reliable dN/dS calculations, although this lack of divergence is also compatible 468 with a strong purifying selection process. Altogether, this corresponds to up to 377 (93.5% of 403) of 469
Melbournevirus genes that appear to contribute to its fitness. 470
Although the previous result indicates that most genes play a non-negligible role in the 471
Melbournevirus life cycle, significantly higher purifying selection was associated with genes conserved 472 among distant Marseilleviridae representatives, reaching a maximal resistance to change for genes 473 encoding "core" proteins conserved in different families of large DNA viruses beyond the 474
Marseilleviridae. This result indicates that the ω values computed from the 3 very close sequences of 475 the Melbourne-, Cannes8-and Marseillevirus are indeed meaningful and correlate with the presence 476 /absence of protein-coding genes in increasingly divergent large DNA viruses. This pattern is 477 consistent with a stochastic evolutionary process of genome reduction during which genes exhibiting 478 the least resistance to change are also the one the loss of which has the highest probability to be 479 
